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ABSTRACT

An experimental investipation was conducted in Leg 1 of the GAICIT
5 x 5 inch Hypersonic Wind Tunnel to determine the heat transfer coeffi-
cients of the laminar boundary layer on a cooled flat plate at a nominal
Mach number of 5.8, As a consequence of the investigation, flat plate
recovery factors were determined and the effect of condensation on heat
transfer was noted., In addition qualitative results as to the laminar
boundary layer transition and separation are also presented,

The tests were conducited with a ratio of wall temperature Lo free
stream temperature (I./Tg) of approximately 6.2; but under stagnation
temperature conditions ranging from 200°F to QBSOF. The stagnation
pressure range of 60 psia to 115,5 psia provided a maximum Reynolds
number of 21 X 106.

A flat plate temperature recovery factor of o858 £ ,004 was
determined, and it was concluded that the temperature recovery factor
range of Mach number independence could be extended to a Mach number of
Be8e The independence of the fecovery factor on Reynolds number up to
the beginning of the laminar boundary layer transition was also sube
stantiated,

The heat transfer coefficients were obtained for a negative
temperature gradient over a considerable portion of the plate, The
effect of these gradients produced values considerably higher than would
be expected for an isothermal surface, These results, wﬁen related to
the constant temperature case by a theoretical calculation, were in good
agreement with the theoreﬁical results and the results of a skin

friction investigation carried out at the same Mach number, The accuracy
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1/2 5, 1/3 .

of ithe resulls was esbtimated to be '4’310% from a value of Nu/Re
+285,

There was no apparent effect on the heal transfer coefficient by
condensation, but the adiabatic wall temperature appeared to be 2% lower
than for the condensation free flow, Due to a step increase in thick-
ness of the model at the ten inch station, the shock wave-~boundary
layer interaction appears to produce laminar boundary layer itransition
at a Reynolds number of le3 X 106, and upon reducing the Reynolds
number further, the transition point is subjected to an adverse pressure

gradient which results in a boundary layer separations
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NOMENCLATURE

Symbols
a = gpeed of sound, ft/sec

A = area sq £t

cp = local skin friction coefficient, dimensionless

c, = specific heat at constant pressure Btu/(lb)(deg F)

f, = convective conductance, Btu/(sq £t)(deg F)

F = radiation geometric factor, dimensionless

g = gravitational constant (32.2), ft/sec®

h = 1local heat transfer coefficient - Bitu/(sq ft)(deg F)(hr)
k = +thermal conductivity, Btu/(sq £t)(nr)(deg ¥F/1ft)

M = Mach number, u/a, dimensionless

Nu = Nusselt number, hx/k, dimensionless

Nu = Nusselt number, referred to isothermal plate conditions
Pr = Prandtl number, u« cp/k, dimensionless

P = pressure - lbs/j_n2

q = heat transfer rate, Btu/hr

q = dynamic pressure, %(Duz, 1b/in®

Y = temperature recovery factor, dimensionless

Re = Reynolds number, ux/, , dimensionless

t = temperature, deg ¥

T = gbsolute temperature, deg R

u = local velocity in x direction, ft/sec

v = local velocity in y direction, ft/sec

X = distance chorduise from leading edge



v = distance normal to surface

Z = distance Spahwlise

§ = thickness

€ = emissivily

7 = ratio of specific heats, cp/cv

] = Subherland constant

€ = mass density, 1b sece/ﬁ:l‘t

o = Stefan-Boltzmann constant, (.173 x 10'8), Btu/(hr) (sq £t)(deg R)h
M = absolute viscosity, 1b sec/sq ft

v = kinematic viscosity, sq £i/sec

w = viscbsitybconductivity'temperature exponent, dimensionless,

ieee, p/py = Ky = (T/1,)°

Subscripts

(25 = conditions at edge of boundary layer
()¢ = edge conditions

()HM = heat meter

(), = plate values

()O = stagnation or reservoir conditions
()aw = adiabatic surface (wall) conditions
()w = gurface (wall) conditions

(), = Zlocal conditions

(), = free stream conditions

(),q = adiabatic rise

()iso== isothermal conditions
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I. INTRODUCTION

With the advent of the gas turbine, high speed airplanes, missiles,
and rockebs, the problem of fluid frictional healing has become critical,
Prom the realization that "aerodynamic heating" can result in an adiabatic
surface temperature rise of over 1000°F for a rocket which is at a Mach
number of L, it is evident that from the structural, equipmental, and
human standpoint the knowledge of the heat transfer characteristics of
such supersonic vehicles is imperative. OSince these heat transfer
characteristics are assoclated with the fluid boundary layer, a thorough
investigation of the boundary layer, both laminar and turbulent, is
necessary in order that the aerconauvtical designer will have sufficient
information to carry out his missione

The problem of the mechanical and thermodynamical interaction
between high speed gas flow and a parallel surface has received con-
siderable study for flows of low Mach number; the results of these in-
vestigations for the laminar boundary layer are summarized in Refs, 1 and
2. In the case of heat transfer through the laminar boundary layer on
flav plates and cones, for low Mach numbers again, the theory is also
quite completes, Refs, 3 and L summarize the results of heat transfer
at supersonic speeds,

The experimental corroboration, however, of these theoretical re-
sulis, especially at the higher Mach numbers, is meager, The work
of Scherrer and Gowen for a cone at Mach number 2 (Ref. 5), of Eber, also
on cones with the Mach numbers ranging from 0.88 to L.2 (Ref, 6); and
of 8lack who tested a cooled flat plate at a Mach number of 2.4 (Refs 7),

constitute the bulk of high speed heat transfer research. No attempt



will be made to present their results, since they are nicely sumarized
in Refe. e Also in Ref, i, Kaye stresses the need for experimental heat
transfer coefficients, especially for Mach numbers in excess of 3. This
is precisely the problem al hand, Lie experlmenlal heat transfer from a
laminar boundary layer to a cooled flat plate at a nominal Mach number
of 5080

In underlacing an experimental investigation of this nature, there
are always several avenues down which to proceed, and in mosi cases these
avenues lead to blind alleyse. This program was no exceptions There are
also certaln decisions which must be made in regard to the scope of the
investigation and the methods to be used.

One of these decisions was that of investigating only the laminar
boundary layer. It is evident that to evaluate proverly the effects of
Wgerodynamic heating the turbulent as well as the laminar boundary
layer should be investigated. However, due to the stability of the lam-
inar boundary layer ata Mach number of 5,8 and the physical limitations
on the model dimensions, it was necessary to limit the investigation to
just the laminar layer.

It was also necessary to decide whether to use a heated or a
cooled plate., The healted plate had the advantages of better control of
surface temperatures and relatively simpler accessories, but since it
was necessary to have stagnation or reservoir temperatures in excess of
200°F in order to avoid condensation in the test section, the problems
of model construction for surface temperatures of hOOOF - SOOOF were
considerable, Therefore, it was advisanie to investigate the direct

"agerodynamic heating® problem, iee., heal transfer to the surface,



A £lat plate model was chosen since exiosting tncory predominantly
considers this case, and the design requirements of the cooling Jackel
made such a model more practicable, In addition, the experimentation
was coordinated with that of Me Eimer's flat plate skin friction inves-
tigation (Ref. 8) which was also carried out in the G&ICIT 5 x 5 inch
Hypersonic Wind Tunnel,

The scope of the investigation was modest. It was simply to
determine experimental heat transfer coefficients of the laminar boundary
layer at a nominal Mach number of 5.8 and to compare these coefficients
with available theory and olher experimenial data, However, as a cone
sequence of the investigation, temperature recovery faclors were eval-
uated, and the effect of condensation on heat transfer was noted. In
addition, some interesting qualitative results in regard to transition
and boundary layer separation are presented,

In summary, this paper presents the results of an experimental
investigation in the GALCIT 5 x 5 inch Hypersonic Wind Tunnel, Leg Noe 1,
of the heat transfer from a lLaminar boundary layer to a cooled flat
plate at a Mach number of 5.8 and the results are compared with avail-

able theoretical and experimental datas



II. EXPERTMENTAL EQUIPMENT AND PROCEDURE

Aes Description of the Wind Tunnel

411 testing was carried out in the GALCIT 5 x 5 inch Hypersonic
Wind Tunnel (Leg Wo. 1), which is of the continuously operating closed
retvurn type., The required compression ratios were obtained with five
stages of Fuller rotary compressors, and, when necessary, an additional
stage of Ingersoll reciprocating compressors. 7The compressors and all
the valving were operated remotely from a master conbrol panel (CLe Fige
1 ) located adjacent to the test section, The air heating system con-
sisted of a multiple pass heat exchanger with superheated steam as the
heating medium, The capacity of the system was such that a stagnation
temperature of 300°F was obtainable at a stagnation pressure of 9.l psia,

0il removal was accomplished by Cyclone separators after each
compression stage, finely-divided carbon canisters, porous carbon filter
blocks and a Goetz~type molecular filter, The air used during the tests
contained approximately 2.5 parts per million (ppm) of oil fog by weight,

Water was removed by a 2200-pound bed of silica gel in the main
air circuit, which was reactivated by a built-in blower-heater-condenser
system prior to each run, The maximum water content of the air was kept
below 100 ppm by weight at all times, the usual value being approximately
22 ppme The dew point was measured at the beginning and end of each run
using a standard type carbon dioxide-cooled indicator,

The tests were conducted at a nominal Mach number of 5,8, The
nozzle blocks were designed by the Foelsch method with correction

applied for the estimated boundary layer displacement thickness, Static



orilfices al cue-inch dintervals in the Lop and volbom noszle blocks per-
mitted a check to be made with the original nozzle calibration on each run,.

A 32-tube vacuum-referenced manometer (Cf. Fig, 1) using DC-200
silicone fluid was used to measure all static pressures, and an atmos-
pheric referenced mercury micro-manometer was used to measure the total
head pressures, Tunnel stagnation pressure was measured with a Tate-
Emery nitrogen-balanced gage and this pressure was controlled within
1,04 psi by means of a Minneapolis-Honeywell Brown circular chart
controller,

The stagnation temperature was measured by a thermocouple probe
located one inch upstream of the nozzle throat. This temperature was
recorded and controlled by means of a Minneapolis-Honeywell Brown circu-
lar chart controller. All other temperatures necessary for plant opera-
tion were indicated on a 20-point Leeds & Northrup recorder, The overall
schematic diagram including the heating system 1s shown in Flge. 2.

An optical system using a BH=-6 steady source was used for the

Schlieren or shadow photograpns of the flow,

Be Description of the Model

le General

The model consisted of taree components; the stainless steel
aerodynanic surface, the heat flow meter, and the brass cooling jacket
containing the coolant passageways, These three components with an
overall thickness of .65 inches were cemented together with a bonding

agent and insulated from the tunnel side walls by 3/16-inch silicone



O~

fiberglass., The model spanned the test section and was supported so
that the aerodynamic surface was coincident with the plane of symmetry
of the test section. Fige 3 gives the details of the model while Fige L

shows the model mounted in the test seciione.

2o MAerodynamic Svrface

The aerodynamic surface was a L 5/8-inch wide by 10 inches long
by 1/10 of an inch thick stainless steel plate, lapped and polished so
that tne measured roughness of the plate surface was an average of one
microinch from the mean profile, The final polishing was done with
8,000 mesh diamond resulting in a surface emissivity of o070. Ten
copper-constantan thermocouples were imbedded L,0U10 of an inch from the
upper surface for the purpose of delermining the surface temperature.
The location and details of the thermocouples are shown on Fige 5. The
70 leading edge of the aerodynamic surface extended .70 of an inch ahead
of the heat meter-radiator assembly. The ten copper-constantan thermo~
couple wires were insulated from the steel plate by fiberglass cloth
cemented to the lower side of the surface. A bakelite terminal strip
attacned to the aft eage of the plate permitted the attachment of
heavier thermocouple wires which were connected to the leads from the
measuring instrument by means of a leak-tight Cannon plug mounted in
the tunnel wall., Fige 6 shows the details of this connections Three
orifices, at 2%, 5, and 8 inches from the leading edge, for the purpose
of giving surface stabic pressures were also installed in the aerodynamic
surface, These orifices were located 1 inch off the centerline of the

platle,



3¢ Heal Flow Meter

The heat flow meter (Cf. Ref. 9) consisted of three L 5/8 inches
wide by 9 inches long by 1/6L inch thick bakelite sheets laminated to-
gether, The central sneel contained nineteen (19) 1/2 inch by 1 inch
thermopile elements, In addition, two copper-censtantan thermccouples
were installed for the purpose of determining the heat meter temperature.
The location of each thermoplle element 15 given in Fige Te A bakelitle
terminal strip was attached to the aft edge of the heat meter and
provided a means of connecting the heavier leads from the measuring
instrument, These leads passed through the tunnel wall in the same
manner as the surface thermocouple leads (Cfe Fige 6)e

The thermopile element consists of a series of thermocouples
witich are posilioned so hal one sel of junclions ("hol Jjunclions™) is
in a plane adjacent and parallel to one face of the heat meter while
the other set of junctions (Ycold junctions®) is placed adjacent and
parallel to the ovposite face of the heat meter. Heal flow through the
meter will now generate an electromotive force due 1o the difference in
temperature between the "hot! and "cold® junctions of the thermopile,
By calibration of the thermopile elements from a known heat source, the
heat flux in Btu/hr - ft2 will be represented by a known voltage across
the "hot! and "cold" junctions,

The thermopile is constructed by winding (about 120 turns) Noe LO
constantan wire onto a bakelite core, This is then silver-plated over
one~half of the ccil, which results in each junction beitween the plated

and unplated wire acting as a thermocouple. In this way a large number



of thermocouples connectied in series is obtained, Therefore, a small
variation in temperature across each element will represent a substantial
enefe The elements are then inserted into the cut-outs in the center
lamination, connected to the copperwires leading to the heat meter
terminal strip, and cemented between the top and bottom cover sheets of
the heat meter. Fige. 7 gives the details of the construction of a typi-

cal thermopile element,

4o Cooling Jacket

The cooling jacket containing the coolant passageways was fabri-
cated from brass sheelt screwed and cemented to the side and center
stiffeners. It was designed so¢ that the coolant entered the upper
section through fittings in the tunnel walle The coolant is then
chamneled both chordwise and spanwise by means of baffle plates to holes
in the center plate, allowing the fluid access to the lower section exit
passagewayse 1he details of the cocling jacket and the fittings in the

tunnel walls are shown in Figse 3 and 6.

Co Test Equipment and Instrumentation

1, Temperature lMeasurements

In addition to the ten (10) thermocouples measuring the surface
temperature of the plate and the two (2) thermocouples in the heat meter,
two (2) copper-constantan thermocouples were instalied in the upper
surface of the tunnel test sectione These Lemperalures were used in
computing the radiant heat transfer to the cooled plate from the heated

tunnel wall. Also recorded were the inlet and exit temperatures of the



coolant by means of thermocouples attached to the cocling system plpinge.
All these temperatures were measured on a LE-point Minneapolis-Honeywell
Brown Electronic self-balancing potentiometer (Cfe Fige 1) with a range

of =100°F to 500°F and an accuracy of %,

2« Heat Transfer Measurements

Since each thermopile element in the heat meter was calibrated in
Btu/(hr - sq £t - millivolt) it was sufficient, in order to obtain heat
transfer rates, to measure lhe millivoll oulpul of each element, These
voltages were measured on a 2i-point Minneapolis-Honeywell Brown Electronic
self-balancing potentiometer (Cfo Fige 1)» The instrument was equipped
with ranges from O to 10 mv and 0 to 25 mv with an accuracy of t.02 mv

and ¥,05 mv respectively.

3« Cooling System

The coolant used for the tesis was water obtained from the com-
pressor plant cooling systeme The return line from the cooling towers
on the roof of the Guggenheim Aeronautical Laboratory was connected to
a twenty-five gallon atmospheric reservoir adjacent to the tunnel test
sections 7The level of this reservoir was controlled by a ball-type
float valve, From the reservoir, the water passed tnrough a Sarco water
blender wnich was also connected to the building hot water system, By
adjustment of the water blender, the temperature of the water entering
the model could be controlled to *1°F, From the water blender the
coolant passed through the tunnel walls and model to the inlet port of an

FCO Engineering close~coupled PP-2M posilive displacement pump which
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pumped the fluid back into the compressor plant system for cooling. The
pumping rate through the model Was 600 g.pehs

By connecting the model on the suction side (25 inches of Hg,) of
the pump, the pressure differential between the model ccoling Jjacket and
the test section, wnile the tunnel is running,vas approximately five psi.
This feature permitted the use of the thin sheeted cooling Jacket, How-
ever, in order to protect the model from high differential pressures due
to a pump failure, a second ECO pump was installed as a stand=-by in
parallel with the first, The second pumv was controlled by means of a
Minneapolis-Honeywell Vacuumstat mercury switch which switched on its
motor if the model internal pressure rose above 22 inches of Hge A
schematic of the cooling system is shown in Fig, 8, while Fige ¥ gives
various details of The systems

For the case of the zero neat itransfer runs, when no coolant was
used, the internal pressure of the model was reduced by by-passing the
flow directly into the pump, but still leaving the model connected to

the suction side,

De Test Procedure

1le Calibration of Heat Meter

Since the e.msfs per degree and the distance between the ithermo-~
pile junctions are unknown, tne tnermal conductivity of the bakelite
lamination uncertain, and the conductivity along the wire also unknown,
the heat meter assembly must be calibraleda

The uni-directional heatl flow apparatus used to calibrate the

heat meter was similar to that described in Ref. 10 and an Yexploded"®
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sketch of the components is shown in Fige 10. Nichrome ribbon (.010%)

is welded intc a heating element and cemented to the surface of a heat
meter, The heat meter and the thin heating element are then cemented on
to a heating plate wnich is used as a guard heater. A very thin sheet

of silicone fiber glass is placed over the heating element to electrically
insulate the nichrome ribbon from the surface of the model. This

assembly is then placed on top of the flat plate model, which includes

the heat meter that is to be calibrated, and the entire "sandwich"
securely clamped together,

When the temperature of the thin heating plate is equal to the
temperature of the guard plate, the heal meter between the two heaters
will indicate zero output. This means that all the healt from the heat-
ing plate is either transferred through the heat meter to the cooling
element or lost from the edges. The edge loss is a function of the edge

area A, the convective conductance, f ., and the temperature difference

c
between the edge surface and the surrounding air, At

By adjusting the energy input and the cooling water rate, it is
possible to bring the heat meter very close to room temperature. ITaking
the maximum temperature difference allowed between the model surface-

heat meter assembly and the air to be SOF, the maximum error due to

edge losses can be calculatedes The edge loss, Qs MY be expressed as
dg = £ hst (1)

In this case, f£. is approximately one, A is .03 sqe ft, and a1t is the

Cc

order of five, giving an edge loss of approximately 0.15 Btu/nr. The

heat supplied to the meter bveing calibrated is about 60 Btu/hr, Thus,
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if the edge loss is completely ignored, the resulting error will be in
the order of 0430 per cent, If the temperature of the heat meter is
kept constant and tne heat rate through the meter is varied, the edge
loss from the meter will be a funcbion of the temperature of the meter
and will remain constant; tnerefore, the percentage error due to edge
loss will be very small 1f the heat rate through the meter is very larges.

The power input to the nichrome heater was measured by a watt-
meter and the output of the heat meter elements by means of the Brown
self-balancing potentiometer. An average of several readings was used
to calculate the calibration constant of each thermopile. The greatest
source of error is probably due to the non-uniform contact resistance
between the heating assembly and the model,

Table I gives the calibration constants of the heat meter elements
at a heat meter temperature of 120°F, Fig. 11 gives the conversion con-

stant for other heat meter temperaturesa

2e Healt Transfer Runs

Since a fixed nozzle block was used during the investigation, only
a small variation in Mach number was possible. This resulted in having
temperature and pressure as the only controllable parameters, In
addition, due to the design of the cooling system, it was advisable o
hold the temperature of the coolant constant, Therefore, the runs were
made under various combinations of stagnation (reservoir) temperature
and pressures

The procedure for each healt transfer run was that the stagnaiion

temperature (*oo) was held constant and the stagnation pressure (pO)
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varied from its maximum (100 psig) to the lowest value at which flow

could be maintained (45 psig)e The ranges of P, and t_ were as follows:

Dy - psige

b5 50 5o 100

- - 195 ——

o 215 215 215 215

t F 225 -- - —
— 2L5 245 245 245
- 265 265 265

_— 285 285 285

The lower range of stagnation temperatures were for the purposes
of investigating the influence of condensation,

In order to obtain equilibrium conditions, it was necessary to run
for a period of approximately 2 houwrs before data could be taken, This
equilibrium condition was considered reached when the temperatures from
the thermocouples installed in the model and the test section, and the
output of the thermopile elements in the heat meter reached a nearly
congtant value, After each change in stagnatlon pressure, an additional
steadying period was necessary., Upon reaching equilibrium, all temper-
atures and heat meter outputs were recorded. At the same time the model

and Lunnel wall slalic pressures were also taken,

3. Insulated (Zero Heat Transfer) Runs

In order te calculate the heat transfer coefficient (h) from the
equation

) (2)

o/ = h(L =T

it is necessary to have, in addition to the wall temperature and heat
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transfer rate, the "adiabatic wall temperature" (Taw). By definition
this temperature is the tenperature the plate would reach if it were
insulateds (1eCe, (aT/by?yzo = (0 ) To obtain this temperatwre, ihe
model cooling system was bypassed and the same combination of stagnation
temperatures and pressures as for the heat transfer runs were repeated.
Upon reaching equilibrium the model surface temperatures represented

(T,

am). In most of the runs, zero heat transfer, as indicated by the

heat meter output, was not possible so the adiabatic wall temperatures
were obtained by interpolating and extrapolating the data to the con-

dition of zero heat transfer,
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TIT., THEORY

Since the theory of the laminar boundary layer un a flat plale
with zero pressure gradient is well knmown, it will not be repeated in
this paper. However, for completeness, a summary of the laminar boundary
layer equations with some of their solutions, as well as the equations
of heat transfer, are given in Appendix A.

The justification that the boundary layer approximations are valid
for flows at Mach number 6 is given by Li and Nagamatsu in Ref, 11 and

by Lees in Ref, 12,
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Iv. DISCUSSION OF RESULTS

ALe Pressure and Mach Number Distribution on Flat Plate “odel

le Pressure Distribution

The surface pressure ratio distribution p/po obtained from the
plate static pressure orifices is shown for the case of a stagnation
pressure of 95.5 psia and a stagnation temperature of 265°F on Fig. 12
This distribution is representative of the various combinations of
stagnation pressures and temperatures, The maximum variation in pressure
ratio 1s oOL which for the case shown is le5% wer inch over the after
portion of the plate; however, the variation is much less over the for-
ward portion, This is typical of the runs at the higher stagnation
prescures and can be the result of the recar orificc being in the transi-
tion regicne Also shown in Fig, 12 is tThe distribution of p/a which has

about the same percentage variation as p/po_

2s Mach Number Distribution

The distribution of Mach number along the plate is also shown cn
Fige 12, The nazximum variation of Mach number is 06 or 1403%. Thus,
theoretical resulis for flat plates should apply since the local free-

strean Mach number, or velocity, is essentially constant,

Be Surface Temperature and Heal Transfer Rates

le Surface Temperatures

Four surface temperature distributions in °F are oresented in
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Fige 13 for octagnation pressurcs of 115e¢5, 9565, 7545, ond 60.4 counds
per sguare inch absolute, The stagnation temperatures varied from 2850F
for a stagnation pressure of 115.5 psia to 225°F for a stagnation pressure
of 60.L4 psia, These are representative of all the data obtained., ¥ig,
13(a) shows data for conditions such thal the boundary layer apoears to
be laminar up to about 7% inches wnere the beginning of transition is
indicated by a sudden rise in surface temperature and heat transfer

rate.s On Fig. 13(d) the indication is thal the position of transition
has moved downstream to about the 9-inch station. This is shown more
grapnically, later, in tne presentation of the heat transfer coefficientsa
Examination of the ltemperature distribution shows thal over the first
third of the plate the temperature decreases with nearly a constant
sradient, while over the center third of the plate the value of the wall
temperature is nearly constant, but possessing a second derivative with
respect to length. Over the last twe inches of the plate the values of
the temperature increase and the first derivative also 1s wvariable,

In addition to the temperature distribution having second der-
ivatives with respect to the chordwise distance, at the nigher stagnation
pressures and temperatures, the spanwise ltemperature distribution on the
after portlon of the plate also nas second derivatives with respect to
the spanwise distance {Cf. Fige 14)s The forward portion of the plate,
on the other hand, is practically isothermal spanwise, This appears to
be due to the contamination of the surface by the tunnel sidewall boun-
dary layer which raises the surface temperatures near the tunnel walls
and increases with distance ciordwise. Tne existence of these second

derivatives in temperature is important, since they represent an
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adjustment that must be applied to ihe measured heat iransier rates due

to conduction in the surface plaie,.

2. Heat Transfer Hates

The heat flow rate into a uwnit area of the heat meter, for steady

state conditions, is given by the equation

2 e
(Q/A)HM = A (TW - T‘“"/) ~Ks 8, (%;‘T{ * '3‘}“‘7';) — Radiation  (3)

The first term on the right side of the equation represenits the convec-
tive heat transfer from the boundary layer. Appendix A gives the deri-
vation of this relationship, Tne second term represents the heat flow
due to conduction in the surface plate, ks and Ss are the thermal con-
ductivity and thickness of the surface plate respectivelys. The third
term represents the heat due to radiation from the test section walls
and upper nozzle block,

Since the healt flow rate represented by BEge 3 is the value measur-
ed by the heat flow meter, the subtraction of the last two terms must be
made in order that the neat transfer coeifficient can be properly evaluated,

In order that tne conduction term can be written as shown and not
as an integral, the assumption is that 8 T/3y is constant across the
Lhickness of the surface plates This appears valid since the plate is
thin and the amount of heat being transferred is such that 2T/3y is
smalle, The chordwise temperature gradient was constant over the first
third of the plate, so the conduction term is zZercs Over the second
third of the plate, the contribution was primarily due to the derivative

92T/ax2, while over the last third of the plate, the contribution was
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due to both azTﬂaxz and azTAazz. Over the last third of the plate this
adjustment became as large as 20 per cent of the heat transferred. The
effect of héat conduction in the heat meter is negligible, since the heatl
meter tnickness is less than half the thickness of the surface plate, and
the thermal conductivity of the meter material (bakelite) is 134 Btu/hr
~ ft - 9T as compared to the stainless steel surface plate whose thermal
conductivity is 9eb Btu/hr - ft - °F, This means that for the same
temperature variation, the value of heat transferred due to conduction in
the heat meter is less than 1% of tne neat transferred from the surface
vlate,

The heat transferred duve to radiation from the nozzle blocks and
tunnel walls may be calculated from the equation from McAdams (Ref, 13)
which for this particular case is

- (7% 7.7)
R .

8 Btu/ftz - hr (OR)}‘L

where o is the Stefan-Boltwmmann constant = o173 x 10~
€ 1 is emissivity of model surface = .07
€ o is emissivity of nozzle block = 413
F is factor for position of two parallel walls = L85

. . 0,
Tl is model surface temperature R

T _  is nozzle block surface temperature °r

Due to the heat transfer lhrough the test section nozzle block,

the surface temperature of the block never exceeded lSOOF. S0 for the

.0
extreme case of Tl = ShOOR and,T2 = 610 R the heat transfer due to

radiation was q/A = 2,75 Btu/hr - ft2 which is less than 1% of the heat
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transferred for tnis conditione Tnerefore, the radiation effects were
neglected,

Thus, only the coniribution due to conduction must be computed and
subtracted., The g/A distributions resulting are shown in Fige 13.

These distributions are representative of all the data.

Ce Temperature-Recovery Factors

1 Evaluation of Temperature Recovery Factor

The average experimental heat transfer rates adjusted for the
conduction term are presented in Fig., 15 as a function of the ratio of
surface temperature to stagnation temperature for four values of stag-
nation pressure, For each position along the plate, the data points are
located very nearly as a straight line, This indicates that, for the
range of surface temperature and stagnation temperatures involved, the
heat transfer coefficients are independent of the surface temperature
or the temperature potential causing the heat transfer, Due to ihe
greater neat transferred to the bottom of the model, it was possible to
‘obtain negative (heat transferred from the plate to the fluid) heat
transfer rates for every thermopile element except at the Jal5-inch
station, This permitted the immediate determination, except at the 9e45-
inch-station, of the TW/TO ratio for the condition of zero heat trans-
fer, For the case of the 9.,45-inch station the resulting curve nad to he
extrapolated to the zero heal transfer condition.

Knowing the ratio of Taw/To, the recovery factor can be calcu-~

lated from the equation
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To~7aw 2l

r=1= To [(3'_/)M6<?— +/:I (5)

Fig. 16 presents the temperature recovery factors as a function of

Reynolds number, This RHeynolds number is based on the distance from the
leading edge of the plate and on air propertics cvaluated at the free
stream static temperature, Fig. 17 gives the Reynolds mmber per inch,
and Fig, 18 the air properties (Cf. Ref, 1) used throughout the com-
putations, The data indicate that the temperature recovery factor for
the laminar boundary layer is essentially a constant value of 0,858 2
«00L up to a Reynolds number of 1.2 x 106. For the transition zone
which extends from a Reynolds number of 1.2 to 2,2 million, the recovery
factors exhibit considerable scatter. The apparent cause of this

scatter will be explained in a subsequent section on transition.

2o Correlation with Theory and Other Experimental Data

Tn bhe usual breatment of laminar boundary layer theory, an assumption
is made to the effect that the Prandtl number is independent of the
temperature of the fluide By this assumption, the Lemperature recovery
factor can be closely approximated by Prl/e. For the present investi-
gation the value of the Prl/2 varies from o862 to o832 when based on
the free stream and the average adiabatic wall temperatures respectively.
In reality, some intermediate temperature should be the basis of the
Prandtl number evaluation, but this temperature cannot be explicitly

determined from the existing theories, The present experimental value

for the recovery factor lies between P:SI/Q and Prawl/E, though closer



to Pq§1/2. This result of r = o858 may be slightly high, in that it

appears from review of otner experimental datz (see telow) that the
adiabatic wall lemperature has the grester influence when evaluating the
Prandtl number.

On comparing the experimental value with other experiments con-
ducted at lower Mach numbers the agreement is favorable., Wimbrow, Stone,
and Scherrer, des Ches and Sternberg, and Eber, testing cones up to a
HMach number of L.5, have recovery factors lying between 04845 and Ce855
The Massacnusetts Institute of Technology tested a flat plate and also
cbtained a recovery factor of 0,85, However, Slack, and alsc Stalder,
Rubesin and Tendeland, testing flat plates at a Mach number of 244
found recovery factors of C.88, which is somewhat high in face of the
previous evidence., All the above data are summarized in Ref. Ue

Therefore, it appears that the present investigation confirms the
laminar recovery factor of 0,85, and extends its range of Mach mumber
independence up Lo a Mach mumber of 5.8. This is also predicted theoreti-
cally for hypersonic Mach numbers in Ref. 15. Also substantiated is the
independence of the laminar recovery factor on Reynolds number up to the

beginning of transition of the laminar boundary layer.

De Heatlt Transfer Resulis

1. Evaluation of Heat ransfer Coefficients

The heat=-tranafer coefficients rcaleculated from the experimental

data are presented in Fige 19« The calculations were made from Ege 2

o/h = h (T, -1T.)
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These results were cbtained from tests at 115.5, 95.5, 75e5. and 60.L
psia stagnation pressures and stagnation temperatures varying from QQSOF
to 285°F, For the run at 60.L psia, the boundary layer was laminar over
nireinches of the plate and the heat-transfer coefficients decreased in
value with increasing distance along the plate. At the nine inch

station the heat-transfer coefficienis begin to increase with increasing
distance giving indication of the beginning of transiticn. With an
increase in stagnation pressure, the position at which transition begins
moves upstream, and at a stagnatlon pressure of 1155 psia 1t 1s near the
75-inch stations This 1s consistent with the temperature recovery
factor data. However, the temperature reccovery plot indicates transi=-
tion begins slightly ahead of the Y%Minch station, but the agreement is
within the range of the experimental accuracy., OSince the heat transfer
coefficient is a function of Reynolds number, the scatter of the experi-
mental data can be partially atiributed to the varying Reynolds numbers
resulting from covering a range of stagnation temperatures ait each

stagnation pressurea

2o, Correlation with Theory and Other Experiments

In Appendix A, it is shown that the local heat iransfer coefficients
in dimensicnless form can be relaled to local skin friction by the

expression

/2 M3 o o reY?/2 6)

1
Nu/Re h

1f the data are presented as Nu/He Prl/B as a function of Reynolds
numbersa correlation with othér skin friction and heat transfer resulis

is possible. ¥Fige 20 presenits the experimental data in this form and they are
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comparcd with other cxpcrimental and thcorctical curves from Refs. 8 and
16, These dimensionless representations are of general value only for
results obtained from a surface with a uniform temperature, 7The present
results, however, are obtalned from a surface that is not isotnermal so
cannot be compared directly, In order to make the proper correlation,

the present results must be related to the case of the uniform temperature
plate,

Two methods for effecting this correlation were investigated. One
was that given by Chapman and Hubesin in Ref. 16 and tne other was that
of Tighthill in Refa 17. The Chapman-Rubesin method required that the
temperature distribution be expressed in a power series in distance
along the plate. This was rather difficult to accomplish for the distri-
butions measured, Lighthill's method, on the other hand, reduced to a
problem of numerical integration which was easily computed. Fig. 20
gives a representative curve of the ratio of the heat transfer coefficient
with a temperature distribution to the heat transfer coefficient of an
isothermal plate as a function of the chordwise distance along the plate.
Also shown, for comparison, is the same ratio computed from the method
of Chapman and Rubesin, whnere the surface temperature was expressed as
a fourth degree polynomiale The agreement i1s good over the center
portion but diverges over the leading and trailing portions of the plate.
In each case the temperature at the leading edge of the plate is con-
sidered as the adiabatic temperature. This assumption is reascnable,
since the plate is uncooled at the leading edge, aud an exlrapolation of
the measured temperature data to the leading edge checks very closely

with the adiabatic value. Appendix A presents the complete expressions
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used in debermining the Lighthill relatlonship.

Fige 22 presents the heat~transfer correlation from Fig, 20 as
related to lhe case of an isothermal plate., The scatter of the data is
within ¥10% of the value Nu/Rel/2 prl/3 - 0,285, This checks, within
the scatter, with Eimer's (Ref, 8) skin friction measurement of
Cy Rel/e/Z = 0,270 made at the same Mach number of 5.8+ This agreement
is very good in that his results were for an insulated plate TW/Té = 6,1
while the heat transfer case is for TW/TS ® 6,2, This value, however,
is 10% below that of Chapman and Rubesin (Ref. 16} computed on the basis
of the viscosiity used in the present investigation, AL a Reynolds nume
ber of 1,6 million the beginning of transition is indicated by the sharp
increase in Nu/Re Prl/3 which was as indicated in the curves of heat
transfer coefficientse All the zir properties were based on free strean
static temperature,

The results then indicate that, within accuracy of the experi-
ments, bthe relationship between heat transfer and skin friction as pre-
dicted by the laminar boundary layer theory is valid at a Mach number
of 5.8.

Es Additional Results

1, Transition

As previously discussed, bthe experimental data indicate that a
transition from the laminar boundary layer begins in the Reynolds number
range of le2 = le5 million, This is below the resuits of a preliminary

investigation carried out in the GAICIT 5 x 5 inch Hypersonic Wind Tunnel,



26

on a long flat plate., Testing this 28-inch plate at approximately the
same Reynolds and Mach numbers, there was no indication of natural
transition at the l0-inch stations The method of transition indication
was by means of fluorescent lacquer, Therefore, some explanation is
required for the present data,

Examination of the photograph of the model, (Fige. L) shows that a
shroud cover begimming at the ten-inch station and exiending downstream
is installed, Prior to installing this cover plate, the wake off of the
thermocouple and heat meter terminal blocks, and from the leads them-
selves, was of such magnitude that supersonic flow in the tunnel could
not be established, The addition of the cover reduced the turbulence
to such a degree that supersonic flow was possible. The thickness of
the shroud, however, resulted in an increase (.065") in the mcdel thick-
ness at the ten-inch station, and it is this step in thickness which may
cause the +transition. It is believed that the shock wave, associated
with the flow deflection over this step, interacts with the laminar
boundary layer causing some transition upstream, ~This effect, however,
needs further investigation before it can be positively stated that such
is the case, Notwithstanding the cause of the transition, the present
investigation shows that the use of the heal meter as a transition indi-
cator is evcellent, Tt dis small, rugged, exXiremely sensitive,énd can be

used for conditions where pressure measurements are not feasibles

2« OCondensation BEffects on Heat Transfer

An attemplt was made to determine the effect of condensation on

the healt transfer coefficients., Runs were made at a stagnation tem-
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perature just below the condensation-free temperature and then were
repeated at a temperature just above the condensation=-free temperature,
Within the accuracy of the measurements, there was no difference in the
heat-transfer coefficients., However, the ratic of Tw/To for zero heat
transfer was 2% lower for the case with condensation than without conden-

sation, This is partialiy substantiated by the analysis of Refs, 8.

3e Flow Separation

In reducing the stagnation oressure in order ito make runs at
lower Reynolds numbers, LU was noled that at a pressure of about 42 psig
there was a sharp increase in surface static pressures and the heat trans-
fer rate, Investigation, by means of the Schlieren system, showed that
at tnesc lower pressurcs, a acparation of the laminar boundary layer
from the surface of the plate was occurring, Fige 23 presents the
Schlieren photograpns of the boundary layer just before and after separa-
tione

A review of the other experimental data provides a clue to the
cause of this separation. From the heat-transfer ccefficient curve (Fig.
19), it can be seen that a reduction in stagnation pressure results in a
downstream movement of the transition regione Al a stagnation pressure
of 45 psig (6044 psia ), the beginning of transition has moved almost
to the end of the plates By further reducing the stagnation pressure,
the transition point seems to move to the junction of the surface plate
and the cover shroud. HNow if the pressure is lowered below this value,
and if the transition point trys to move up over the cover plate, the

presence of the adverse pressure gradient assoclated with the flow over
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the junction may be of such magnitude that a separation resultse

When the flow separated, there was a rapid increase in the heat
transfer rate and the surface static pressures, This increase becomes
as large as 300% in botih cases, The condition after separation (Fige
23(b) ) was extremely stable, and the boundary layer could not be
reattached to tne plate unless the stagnation pressure was increased to
over 60 psig.

Due to the model configuration and its mounting in the tunnel it
was not possible to investigate this problem completely at the present
time, However, il seems to be of sufficient interest that further study

is warrantede
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Ve CONCLUSIOHS

The present invesligallons provided lhe lollowlng evidence as to
the behavior of the aeal transfer characteristics of the lamirar boundary
layer at a Mach numper of 5.8:

1. The heat transfer coefficient (h) computed from the Newbonian
equation g/A = h (TW - Taw) is independent of the temperature potential
causing vae neat transfer,

2 The temuveraiure recovery factor for the laminar boundary
layer was o858 whicn, when compared to the bulk of previous experiments,
extends the range of Mach number independence of the temperature recovery
factor to a Mach nunber of 5,8, The laminar recovery factor being
independent of the Reynolds number up to the beginning of transition
was also substantiated,

3. 'The heat transfer coefficients obltained with a negative
chordwise temperature gradient can be as much as 60s higher than the
coefiicients resulting from a surface at constant temperature.

i, Heat transfer results when referred to the case of an iso~-
thermal nlate give a value of .285 for the non-dimensional heat transfer
parameter.ﬁﬁ/ﬁel/e Prl/B’ the estimated accuracy of this result being
0%, When compared to the theory and to the skin friction experiments
made at the same Mach number, the theoretical relationship of
Nu/Rel/2 Prl/s = Cp Rel/2/2 appears valid for the laminar boundary
layer heat transfer at a Mach number of 5.8,

Tne investigaltion also provided some evidence as tos
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1. Tne possibility of forcing transition at a comparatively low
(1e2 x 106) Reynolds nurber by the presence of a shock-wave boundary

layer interaction.

2e The effect of condensation on the temperature recovery factor,
which it lowered, and on the heat transfer coefficients, which remained
unchanged,

3¢ The separation of the boundary layer, which occurred when the
transition point was subjected to an adverse pressure gradient, and which

was extremely stable once 1t had occurrede.
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APPEHDIX A

SUMIARY OF THE LAMINAR BOUNDAKY TAYER ARD HEAT TRANSFER BQUATIONS

Ao Boundary Layer Equations for Flal Plate

le General Formulation of Problem

Convactive heat transfer like fluid (skin) friction is considered
a boundary-layer phenomenon, and it is assumed that the heat passes 1o
the fluid by molecular conductlon through a laminar layer which is
always preseal lmmedialely on Lhe surface for a coalinuum reglols

Ho attempt will be made to derive the boundary layer equations in
this paper, as the derivation of these equations are well known and can
be found in many references. However, the general problems and the
historical progress in the solulions of these egualtions will be presented
for the purpose of completeness,

The characteristics of the laminar boundary layers of temperature
and veloclity for an infinitely thin flat plate placed parallel to the
fluid stream are found by the simuwltaneous solutions to the following

conservation of mass, momentum, and energy equations, which are for the

case of no pressure gradient along the plate, l.e., ap/éx = D,

sx b4 5lew) = 0 (a-1)
eu 2% ou _ 2 [/, 0u
ax T 29 (/“ay) (A-2)
or  _
Fr A 0

2 2 _ 3 oT 2 \
eusZ (CpT)+f’ray (Cp7) = 5q (K 5—37) +/L(§8—y-‘-" (4-3)



with the boundary conditions

X <0 y=0 u=u T=Te

x =20 y =0 u=0,v=20 T:Twor(f-gw:{)
=0 Y —— o U= U T =Te

K - v =0 u = 0,v =0 T=T,o0r 3’8—,‘}w=

(i.€e, assumption of infinitely thick boundary layers at x-—=—o,) These
equations are the result of applying the boundary layer approximations
to the complete conservation of mass, momentum, and energy eguations.
The justification that these approximations are valid for flows at Mach
number 6 are given by Li and Nagamatsu and by Lees in Refs, 11 and 12,

It will be noticed fram the mamner in which the eguatlions are
written that @ , & , k, and cp may vary throughout the region of inte-
gration, thus making the equations perfectly general for the case of
zero pressure gradient along the plate, The second term of the right
member of Eqe (A-3) is that which accounts for the dissipation of mechani-
cal energy into thermal energy by the viscous forces prevailing in the
boundary laycre

The nature of these equations and the boundary conditions are
such that a certain similarity exists with respect to a variable made
up of terms such as y/xm, where m is a positive constants The boundary
conditions remain the same whether by variation of x and y, the variable
approaches zero or infinity, also it reduces the partial differential
equations to total differential equations which can then be integrated,
An excellent review of the mathematics of the various solutions to these

equations is given by Je Ae Lewis in Ref, 18,
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2 Solutions to the Boundary Layer Equations

4 suwmary of the solutions of the laminar boundaryv-layer eguations
for a flat plate in compressible (air) flow, taking into account the
temperature variation due to conduction and frictional heating is given
by Rubesin and Johnson in Refs le In general these analyses always
assumed a constant value of Prandtl number and an approximate expression
for the viscosity variation with temperatures Thus, the applicability
to a wide Mach number range is questionable, von Kdrman and Tsien in
Ref. 19 treated both the insulated plate and the heat transfer cases
with Mach number as high as 10e They assumed Frandtl number invarient
with temperature and viscosity exponents of 0,76s

Brainerd and Emmons (Ref, 20) examined the insulated plate case
with Mach numbers up to 3,16 and used Pr = 0,733 and @ = 0,768, Crocco
(Refo 21) obtained solutions for both insulated plate and heat transfer
cases, assuming Pr = 0,725 and @ = 1,5, 1400, 75, and +50. Hantzsche
and Wendt (Ref, 22) also treated the insulated plate and heat-transfer
cases with Mach number up to 10, They examined two combinations of air
properties: optional Prandil number and w = 1,0, and optional & and
Pr = 1,0. Cope and Hartree (Ref. 23) used Pr = 0.76, @ = 0,89 in their
investigations,

More recently using Crocco's method of hand calculation, Van
Driest (Ref, 2li) obtained results for Pr = 0,75 and a Sutherland law of
viscosity-temperature variation, 8 = 0,505, for the heat transfer plate
and the insulated plate with a constant value of specific neat at con-

stant pressure assumed. Young and Janssens (Ref, 25) and Moore (Ref, 26)
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selved the reduced bhoundary layer equaticns in integral form using a
differential analyzer with the experimental values of air properties.

Moore also included dissociation at higher temperatures.

Be Heat Transfer Eouations

In Ref, 3, Johnson and Rubesin summarize the equations for tne
neat transfer of the laminar boundary layer; however, again for complete-
ness, taese equations will be included, The following presentation of
the development of the heat transfer equations is essentially that of

Refa 3e

L. Newtonian Heat Transfer Equation

In the usual treatment, the heat rate is taken as proportional
to the temperature difference between the surface and the ambient fluide

Thus, lhe rale of convective heat transfer is

% = 3G o =P (T -75) (4=

with the heat-transfer coefficient being defined as

7 _ “K(a}ag&gm

(Tw-75) (A=3)
where 1 = wall temperature
Tg = free stream temperature
A = area

2e Nusseli Numter

However, for the purposes of correlating the heat-tiransfer data
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in dimensionless form, Eqge(A~5) is written in terms of the Nussell number.
3

_ ..(QZ
A X ayly=0
Nu = KOS T (A-6)
7 - J
( W 7;&

Using this definition, Refs, 27 and 20 show that from the steady-flow

energy of a fluid and for a given geometrical system that
o= £ [Re, Pr, M, aT,g/(T, - Tg)] (&=7)

O0f the five dimensionless variables in Eqe (A-7), only three, Nu, Re, and
Pr, normally appear for heat transfer since M and ATad/(Tw - Tg) are
substantially zero for low velocity flow. Consecuvently, the Nusselt
number and in turn the heat transfer coefficient h, are independent of
the temperature potential (TW - T5) which is a necessary requirement in
order that Eqe. (A=) may conveniently represent the rate of healt trans-
fer, At high velocities, however, the temperature factor A‘Tad/(Tw - Tg)
in Eqe (A-7) is finite, and Wu is dependent on the temperature potential,

thereby destiroying the usefulness of Eqge. (A-L)e

3. Modified Temperalure Polentlal

In order Lo deduce a heal-transfer equation in which the tem-
perature potential and heat-transfer coefficient are independent, con-
sider the following:

Suppuse that an insuwlated plate is placed in a high velocity
stream, the rate of heat flow and consequentiy the temperature gradient
with respect to the normal to the surface must te zero, Pohlhausen in

Ref,. 29 has shown that the resulting temperature distribution is such
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that the temperature of the fluid adjacenit to the plate exceeds the free
stream value., The temperature which the plate (and the fluid in contact
with the plate) assumes is designated as the "adiabatic surface tem-
peraturet, Taw.

If the plate is heated or cooled, then the temperature of the
plate will differ from the adiabatic temperature; and since heat is being
transferred to or from the fluid, the temperature gradient with respect
to the normal is no longer zeroe

It is logical then to express the convective heat transfer with

frictional heating by
o/A = h (T, - Taw) (4-8)

where h = heat transfer coefficient with frictlional heating
(Tw,- Taw) = modified temperature potential
In order to establish the usefulness of Eqe (A-8), it is necessary to

investigate the relationship between the adiabatic surface temperature

and the coefficient he

Li, Recovery Factor

Considering T__ first, it can be seen from Egs. (A-6) and (A-T7)
that winen the plate is insulated, 1.2, Tw = Taw and (aT/by)ymO = 0,

Eq. (4=7) reduces to

Taw =785 _ Tw-T5 _ Taw-T&

Alad To—Ts %9070 = 'Fa(/\)c,pr,M) (4=9)

or defining the temperature difference ratic as the Yrecovery factor® r
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r = j@gx::l? (A-10)
L

A knowledge of the recovery factor r is then a necessity to the deter-
mination of the modified temperature potential (TW‘- Taw) and is treated
independently of the heal iransfer,

For laminar flow along a flat plate, the recovery factor has
been evaluated analytically by several authors (Refs. 21, 22, and 29)
and these results show that the recovery factor i1s independent of
Reynolds number and Mach number, for the range in Mach number where

disassociation is not present, and is well represented by
r = Prl/2 (a-121)

Because the Prandil number was maintained as an independent paramctor

in the various solutions, no means of determining the reference tem-
perature at which to evaluate Pr is possible from these solutionse
However, the numerical solutions of Crocco-Conforto (Ref. 30) showed
that for Pr = 0,725 the recovery factor was 0,85, Young and Janssan

in Ref, 26 showed that the recovery factor has a value of o851 and o841
for a Mach number of L,23 and 6,42 respectively, with the ambient

temperature being 100°R.

S5 Convective Heat Transfer Coefficient with Frictional Heating h

The heat~transfer coefficient with friction h has been investi-~
gated theoretically for laminar flow over flat plates in Ref, 31 and it
was shown conclusively that it 1s independent of the modified temperature

potential and is identical with that for low speeds as evaluated for the
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same Reynolds and Prandtl number, l.e., h = he.

b Relationship between Nusselt Number and Friction Coefficient

The expression for the relationship hetween the local Nusselt

number and the local friction coefficient is

hxX _ Gy, \Re, Pl/:? Ya
K 2 m e (A-12)

;Nux =

where the subscript x refers both to a characteristic length x, measured
along the length of the plate from the leading edge, and to local values
of all quantities represented in the equation. All of the properties,
including density in the defining equation of local friction, are based on

the same temperature. The derivation of Ege (A-12) is given in Ref. 1.

7o Healt Transfer with a Surface Temperature Distribution

Most theories consider only the case of a plate with a constant
surface temperature; however, Chapman and Rubesin (Ref. 16) and Lighthill
(Refs 17) treat the problem of a variable surface temperature, In
Chapman and Rubesin's analyses the surface temperature is expressed as
a power series in the plate length parameter x, ILighthill on the other
hand does not make this restriction,

Since most experimental results are for the non-isothermal plate,
it is necessary to refer these results to the isothermal case before a
proper correlation with most of the theoretical solutions can be made,
The method used in this investigation was that of Lighthillis., The

expressions used are as follows:
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For the [lal plaie, Lighthill's solulion (with the constant

multiplier reduced 2 per cent) is:

X
u,)yzp ’éK C{[Tw{é“)—Taw]

= - 33a{~—
oo [/ (f/x) 3 (A~13)
which for the case of TW = constant, reduces to
oo ¥
w 3
% = ~932(55) B K (T ~Taw)
(A-1:)
= h (Tw —Taw)
and
(1, -T,) = 0 for £ =0

olince we define the Nusselt number as

N = (82) X
K(Tw ~ Taw)

The ratio of the heat transfer with a temverature distripution

1o the heat transfer for an isothermal surface can be expressed as

X
Ne h_ d [Twl€)- 7o\

Wese  fre f-0 [’ - ;/;?)34] N (Tw ~Taw)

(A-15)

So, from the temperature distribution on the surface, the ratio of the
heat transfer rates reauces to a problem in numerical integration,

Fige 21 shows a representative chordwise distribution of this ratioce
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EXPERIMENTAL ACCURACY AND REPEATABILITY

The estimate of the accuracy of the final results is based on the

accuracy and repeatabllity of the individual measurementis.

The esti-

mated maximum error or repeatability of the individual measurements is

as follows:

Measurement

Static Pressure - p

Stagnation Pressure - P,

Stagnation Tempcerature -~ T

Surface Temperature = Tw

Heat Transfer Rate - g/A

Adiabatic Wall
Temperature = T

Estimated Maximum

Basis of Estimate

Error
okt mMm of silicone

less than 1%

o+
20

#,10
- % 7

5%

%310

3z F

Reading Error

Calibration of Tate
Emery Gage

Calibration of To Probe
Calibration of Model

Maximum Spread of Cal-
ibration Data

Accuracy of Temperature
Measurements and
Spread of g/A Data

The acecuracy of computed values based on the errors of the

individual measurements is as follows.

the method given in Ref. 32,

These values were computed by
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M
Re
Recovery Factor - r
Heat Transfer Coefficient - h
Forward Portion of Plate
Center and Rear Portion of Plate
u/Rel/2 prl/3
Porward Portion of Plate

Center and Hear Portion of Plate

falculated Error

less than 1%
1%

-+

“‘001

+

~13%

0%

I13%

110%
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HEAT METER CALIDRATION CONSTANTE

TABLE T

(Btu/sq. ft. = hre - mv, at 120°F)

Congtant

58
62
72
55
50

No.

6
7
8
9
10
1L
12
13
Uy

Constant

Noe
15
16
17
18

19

Constant

o
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98
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68

L5
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Fig. 9

Cooling System for Heat Transfer Model
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Before Separation

(b)
After Separation

: Fig. 23
Separation of Laminar Boundary Layer
Re = 135,000/inch M= 5.7



